In production tunnels, time domain reflectometry (TDR) was used to manage irrigation and leaching by controlling water content in the rhizosphere of air-slit containerized white spruce (Picea glauca (Moench) Voss) seedlings (1+0). Seedlings were exposed to four irrigation regimes (v/v: IR-60%, IR-45%, IR-30%, and IR-15%) during the first growing season to assess IR effects on growth, gas exchange, nutrient uptake, carbohydrates, root architecture, and leaching. In the province of Quebec, seedling producers generally maintain a high substrate water content (>50%, v/v) during all growth phases. The accuracy and feasibility of using TDR to decrease irrigation without affecting the material attributes of the seedlings at the end of the first growing season was confirmed. However, seedlings grown under IR-15% had significantly lower height, root collar diameter, shoot and root dry masses, root surface, root length, net photosynthesis, and nutrient contents than seedlings grown under IR-30%, IR-45%, and IR-60%. In comparison with IR-30% and IR-45%, the application of IR-60% produced no increase in shoot or root growth, mineral nutrition, and carbohydrates. Seedlings grown under IR-15%, IR-30%, and IR-45% used approximately 28, 37, and 46%, respectively, of the amount of water applied under IR-60%. Nutrient losses including anions and cations under IR-60% were higher in comparison with the other IRs. Maintaining a water content in the rhizosphere that changes with the stage of seedling development is suggested to optimize growth and to avoid excess irrigation and leaching.
Introduction
In the province of Quebec (Canada), large seedlings are used in reforestation programs as one of the possible alternatives to herbicide applications (Perreault et al. 1993; Jobidon et al. 1998; Lamhamedi et al. 1998a ). These seedlings are grown for 2 years in air-slit containers with large cavities (350 cm 3 /cavity) filled with peat-vermiculite mixture (Gingras 1993 (Gingras , 1997 . A specific mineral nutrition regime has been developed for the nursery production of large seedlings of white spruce (Picea glauca (Moench) Voss) based on its growth requirements (Langlois and Gagnon 1993; Gingras et al. 1999) . The production of this new stock type also requires modifications in scheduling irrigation to meet morphological standards at the end of the first growing season. Timmer and Miller (1991) showed that growth, nutrient status, and water relations of container-grown red pine (Pinus resinosa Ait.) seedlings were more affected by irrigation regime than by nutrient fertilization. Gingras et al. (1999) observed that variations in substrate water content in the rhizosphere was a major factor limiting growth of white spruce seedlings grown in air-slit containers (containers whose sides are slit to expose the growing medium to the open air; Watanabe and Nakamura 1996; Gingras 1997) .
Irrigation management has a direct effect on water and aeration conditions in the substrate and the growth of containerized seedlings (Heiskanen 1993 (Heiskanen , 1995 Bernier et al. 1995; Khan et al. 1996; Lamhamedi et al. 1997) . The amount and timing of irrigation in forest nurseries are usually adjusted after visual and tactile evaluation of the substrate, or after successive weighing. For seedling production in air-slit containers, nursery growers tend to irrigate often and maintain high substrate water contents, between 50 and 70% (v/v) . This high frequency of irrigation maintains a high relative humidity around the slits causing low rates of root air pruning. Abundant air pruning of roots and the consequent development of robust fibrous root systems is the main reason for using air-slit containers. Optimization of irrigation could reduce irrigation volume and possibly decrease nutrient losses from leaching by allowing more time for nutrients in the substrate solution to be absorbed by roots. Proper scheduling of irrigation is difficult because irrigation decisions need to be based on the sensitivity of seedlings in air-slit containers to variations in substrate water content during the establishment, growth, and hardening phases. Maintaining adequate water and nutrients in the rhizosphere are key components for maintaining the physiological processes in seedlings, which can improve outplanting performance (Timmer and Miller 1991) .
The use of air-slit containers with a 350-cm 3 cavity (IPL 25-350A) for the production of large seedlings is driving the search for improvements to irrigation management. To better control water content in the rhizosphere, we adapted a soil moisture measurement system based on the principles of time domain reflectometry (TDR) to measure real-time substrate volumetric water content (Topp et al. 1984; Topp and Davis 1985) . Previous studies (Lambany et al. 1996 (Lambany et al. , 1997 Lamhamedi et al. 2000a) show that the simple and nondestructive measurement procedures based on TDR produced quick, accurate, reproducible results under forest nursery conditions. Lamhamedi et al. (2000a) showed that a 15% (v/v) difference between two irrigation regimes (25 and 40%, v/v) had no significant effect on the morphology and root architecture of 1-year-old white spruce seedlings grown in air-slit containers. These results suggest that it is possible to maintain a lower water content in the rhizosphere without any effect on the growth and physiology of seedlings. Improved understanding of the direct effect of substrate water content on the growth and physiology of air-slit-containerized seedlings would enable nursery operators to use real-time TDR measurements to better control the threshold of water contents and nutrient leaching.
We hypothesized that various morphological and physiological variables of white spruce would be linked to substrate water content, when substrate fertility was kept constant throughout the growing season. Consequently, the objectives of the current study were (i) to show that TDR can be used routinely to monitor and control substrate water contents in air-slit containers; (ii) to assess the impact of irrigation regime on the growth, gas exchange, and carbohydrate and organic acid concentrations of white spruce seedlings; (iii) to evaluate nutrient leaching in response to different irrigation regimes; and (iv) to propose to nursery growers an irrigation program specific to white spruce.
Materials and methods

Seedling production and growth conditions
The experiment was conducted in unheated tunnels at the "Centre de production de plants forestiers du Québec", Sainte-Anne-deBeaupré, Que., Canada (47°02′N, 70°55′W). Seeds from an uncontrolled provenance of white spruce (No. X01-034-96) were sown in air-slit containers on May 6, 1998. Each container had 25 squareshaped cavities (IPL 25-350A, IPL Inc., Saint-Damien-deBellechasse, Que.; 350 cm 3 /cavity with a surface area of 34.8 cm 2 ) filled with a moistened 3:1 (v/v) peat-vermiculite mixture which was adjusted to a density of 0.11 g/cm 3 (Lamhamedi et al. 2000a ). Two weeks after germination, seedlings were thinned to one per cavity. Seedlings reached a height of 2-3 cm after 3 weeks of growth at which time they were subjected to one of four irrigation regimes (IR): IR-15%, IR-30%, IR-45%, and IR-60% (% v/v: 100(cm 3 H 2 O/cm 3 substrate)). These substrate water contents were kept constant during the growing season from July to October. There were 162 containers per IR divided among six blocks. Each IR was distributed randomly within each block with buffer zones of 27 containers to eliminate edge effects. All quantities of water are reported as volume of water per unit surface of cavity or, more simply, as water depth in millimetres.
Substrate water contents were monitored using the MP-917 TDR-based instrument (ESI Environmental Sensors Inc., Victoria, B.C.), which measures the speed of propagation of an electromagnetic wave in the medium surrounding the probes. This speed is linearly related to the dielectric properties of the material. Water has a dielectric constant of 80, whereas the values for dry soils range between 2 and 5. Therefore, a change in water content is linearly related to the speed of propagation of the signal (Topp and Davis 1985) . Thus, water content can be accurately determined by measuring the propagation time over a fixed-length probe embedded in the medium. The probes consisted of two 39 cm long parallel stainless steel rods separated by a 1-cm gap and linked with two diodes (models SDP and SDA, ESI Environmental Sensors Inc., Victoria, B.C.).
The water content in each container was adjusted during three successive days using the MP-917 to guarantee a uniform substrate water content in all the containers at the beginning of the experiment (27 containers × 6 blocks × 4 irrigation regimes). On the fourth day, nine containers per block per treatment were chosen at random for measurement of substrate water content. The MP-917 probes were then installed for the duration of the growing season in six containers of each IR that had shown a substrate water content closest to the mean value of their respective experimental units. Individual probes were inserted horizontally through five cavities halfway up the container (Lambany et al. 1996 (Lambany et al. , 1997 Lamhamedi et al. 2000a ). These containers were placed in the centre of the experimental units. They were irrigated as needed to maintain the target substrate water content with a motorized robot (Aquaboom Harnois model, Saint-Thomas-de-Joliette, Que.) equipped with 22 nozzles and mounted on a ground rail. Water was applied at a water pressure of 2.1 bars (1 bar = 100 kPa), and each pass of the robot increased the water content of the substrate by 0.9% (v/v). Substrate water contents were adjusted three times every week (Monday, Wednesday, and Friday) depending on the irrigation regime. The coefficient of uniformity of this irrigation system varied between 95 and 98%. Details concerning the procedures used to precisely monitor each irrigation regime are given in Lambany et al. (1996 Lambany et al. ( , 1997 and Lamhamedi et al. (2000a) .
The confounding effects of substrate fertility and irrigation on growth and physiological responses of white spruce seedlings were eliminated by maintaining similar nutrient concentrations among the four irrigation regimes. A preset target level of 250 ppm N (Gingras et al. 1999 ) was maintained throughout the growing season in all irrigation treatments. Every 2 weeks, samples were collected and both seedling tissue and substrate were analyzed to determine their nutritional status. For each irrigation regime, seedling needs for macronutrients and micronutrients were calculated depending on nutrient concentrations and the growth of white spruce seedlings according to the PLANTEC software developed by the ministère des Ressources naturelles du Québec (Langlois and Gagnon 1993; Gingras et al. 1999; Girard et al. 2001) . For example, seedlings received 49, 55, 61, and 79 mg N throughout the growing season for irrigation regimes IR-15%, IR-30%, IR-45%, and IR-60%, respectively.
Environmental variables including substrate temperature, air temperature, and relative humidity were recorded continuously using a CR10X data logger (Campbell Scientific, Logan, Utah). Substrate temperature was measured in one randomly chosen container with thermistors. For each irrigation regime, a rain gauge (model No. TE525M, Texas Instruments, Dallas, Tex.) was used to monitor the quantity of water applied to plants during fertilization and irrigation. During the active growing season (June-July), mean air and substrate temperatures ranged from 15 to 26°C, whereas mean relative humidity at 2 m under tunnel conditions varied between 62 and 100%.
Morphological variables and growth analysis
Growth trends of the seedlings were followed by destructive samplings on eight occasions during the 1998 growing season (July 6 and 20; August 3, 17, and 31; September 14 and 28; and October 13). On each sampling date, 288 seedlings (12 seedlings/container per IR per block) were randomly selected and gently excavated from their cavities. After measuring root collar diameter and height, the seedlings were partitioned into needle, stem, and root components.
Analyses of differences in relative growth rates (RGR) among treatments were conducted using an analysis of variance performed on the natural log transformed dry mass measurements of the seedlings, as described by Poorter and Lewis (1986) and Lamhamedi et al. (1998a) . An RGR-based analysis was used to eliminate the effect of differences in seedling size on growth values. In this analysis, natural log transformed plant biomass (dependent variable) is modeled as a function of sampling date. Significant interaction terms of measurement date and treatment indicate a treatmentrelated difference in the rate of increase of the natural log transformed dry masses over time and, thus, RGR. The degree of each polynomial equation was derived from the significance of the linear, quadratic, and cubic orthogonal contrasts performed on the time × irrigation regime interaction.
To quantify the effect of each irrigation regime on dry matter partitioning between roots and shoots, an allometric equation was developed from individual seedling data pooled over all sampling dates using logarithmic transformation:
Ln(shoot dry mass) = a + b ln(root dry mass)
where b describes the partitioning of biomass between shoots and roots and is a measure of the ratio of their relative growth rates during the exponential phase of growth (Ledig et al. 1970 ).
Gas exchange and xylem water potential measurements
On each sampling date, measurements of gas exchange were made between 09:00 and 11:00 solar time using a portable openmode gas analyzer system with a cylindrical coniferous cuvette (model No. LCA-4, Analytical Development Company, Hoddesson, U.K.) on six seedlings randomly selected from each irrigation regime. To obtain measurements at light saturation, a sodium vapour lamp was suspended over the cuvette to maintain approximately 800 µmol·m -2 ·s -1 at the top of the seedlings. In general, photosynthesis of boreal coniferous species attains light saturation between 600 and 800 µmol·m -2 ·s -1 (Lamhamedi and Bernier 1994; Dang et al. 1997 ). After gas-exchange measurements, the number of needles and their average length were determined by image analysis using the WINNEEDLE software (Instruments Régent Inc., Qué-bec, Que.). To measure the perimeter of cross sections, three needles from each seedling were fixed overnight at 4°C in 4% formaldehyde in cacodylate buffer, then rinsed in buffer as described by Lamhamedi et al. (2000b) , and measured by image analysis. Perimeters and lengths were used to compute half all-sided leaf area (hemisurface) as used for the Boreal Ecosystem-Atmosphere Study (BOREAS) (Chen et al. 1997) . Net photosynthesis (A n ), transpiration (T), and stomatal conductance to water vapour (g sw ) were expressed on a hemisurface basis.
The shoots of other randomly selected seedlings in the same containers were severed and midday xylem water potential (Ψ xMID ) was measured with a pressure chamber (P.M.S. Instruments, Corvallis, Oreg.). These measurements were only performed for the last four sampling dates.
Mineral nutrition
On each sampling date, mineral nutrient concentrations of seedlings and substrate were determined on six composite samples per IR (one composite sample per block). Each composite sample was composed of 12 seedlings or substrate samples from one randomly chosen container per IR per block. For dry matter determination, shoots and roots were separated at the root collar and oven-dried at 60°C for 48 h. After grinding and acid digestion, each composite sample was analyzed for nitrogen using Kjeldahl, and for P, K, Ca, and Mg using inductively coupled argon plasma analysis (Parkinson and Allen 1975; Walinga et al. 1995) . Plant nutrient composition is expressed as content (concentration × dry mass) of each element per seedling or tissue, because it reflects accurately plant nutrient uptake and accumulation (Timmer 1991) .
Root architecture
Measurements of root architecture including root length, diameter, volume, and surface area were measured on roots of each seedling by image analysis using the WINRHIZO software (Instruments Régent Inc., Québec, Que.). On each sampling date, six seedlings were randomly selected from each irrigation regime per block. Roots were carefully separated and washed with tap water. They were then stained with acid fuchsin (0.005%) at room temperature for 15 min according to the procedures developed by Lambany and Veilleux (1999) . Staining with acid fuchsin facilitates scanning all white roots.
Nutrient leaching
Nutrient leaching including NO 3 -N, NH 4 -N, P, K, Ca, and Mg was determined by collecting leachate from one container per block per IR. The leachate for each selected container was collected in plastic containers placed below each selected container. The containers were connected to bottles in which the leachate accumulated. Leachate samples were collected during 30 min after each fertilization or irrigation on several sampling dates in 1998 (July 27, 29, and 31 and September 8, 11, and 14) . Nitrate and ammonium were analyzed using an automated ion analyzer (Lachat Instruments, Milwaukee, Wis.). Phosphorus, K, Ca, and Mg were determined using coupled argon plasma analysis.
Carbohydrate and organic acid analyses
During the last two sampling dates, six seedlings were randomly selected from each IR per block. Roots of each seedling were washed and separated from the shoot for determination of soluble sugars (total glucose, total fructose, sucrose, raffinose), polyols (manitol, inositol), and organic acids (shikimic and quinic acids). Carbohydrates were extracted immediately with 80% hot ethanol and analyzed by liquid chromatography (Veilleux et al. 1992; Lambany 1994; Lamhamedi et al. 1998b ).
Statistical analysis
All morphological and physiological data were analyzed as a randomized complete block design. Analyses of variance were performed with the MIXED procedure of the SAS version 6.08 software (SAS Institute Inc., Cary, N.C.). Differences among irrigation regimes regarding physiological and morphological variables were determined by a priori contrasts (Steel and Torrie 1980) . Differences were considered significant at P < 0.05.
Results
Irrigation monitoring and cumulative water
The irrigation protocol resulted in precise and consistent control of water contents for each IR (IR-15%, IR-30%, IR-45%, and IR-60%; v/v) in the peat-vermiculite substrate (Fig. 1a) before and after each irrigation throughout the first growing season under tunnel conditions. As practiced in forest nurseries during germination and early growth, a substrate is approximately saturated near a water content of 50% (v/v). The combination of the motorized irrigation robot and the moisture point MP-917 provided homogenous and relatively stable substrate water contents in air-slit containers. The four target irrigation regimes tested (IR-15%, IR-30%, IR-45%, and IR-60%) were generally attained in mid-July.
At the end of the first growing season, the cumulative water quantities used to maintain different target substrate water contents in the rhizosphere were 49, 64, 79, and 171 mm for IR-15%, IR-30%, IR-45%, and IR-60%, respectively (Fig. 1b) . Assuming similar amounts of evaporative losses from irrigation water intercepted by the foliage and from the silica-covered container surface, the IR-15%, IR-30%, and IR-45% used approximately 28, 37, and 46%, respectively, of the quantity of the water applied under IR-60%.
Growth analysis
The IR had a significant effect on all growth variables including height (P < 0.0001), root collar diameter (P < 0.0001), shoot dry mass (P < 0.0001), root dry mass (P < 0.0001), needle dry mass (P < 0.0001), and total dry mass (P < 0.0001) (Table 1, Fig. 2 ). Sampling date (SD) also was a significant source of variation (P < 0.0001) on all growth variables. Because the analysis of variance was performed on natural log transformed growth components, the significant IR × SD interaction for all growth variables (P < 0.0001) indicates significant differences in RGR among irrigation regimes. Orthogonal contrasts revealed the absence of significant differences between IR-30% and IR-45%, but the comparison between IR-45% and IR-60% revealed significant differences in height (P = 0.0342), root collar diameter, and needle dry mass (P = 0.035) ( Fig. 2 ). Orthogonal contrasts performed by sampling date showed that differences in all growth components between IR-15% and the mean of IR-45% and IR-60% were observed beginning in early August. From mid-August to late October, morphological variables including height, root collar diameter, root and shoot dry masses, and total dry mass of seedlings were lower under IR-15% than under IR-30%, IR-45%, and IR-60% (Figs. 2a-2e) .
The slope (b) in the allometric equation for biomass partitioning between root and shoot dry mass was less than 1.0 under all irrigation regimes (Fig. 3) , indicating, on average, a greater allocation to the roots during the first growing season. This ratio varied significantly (P < 0.0001) among the IRs. Orthogonal contrasts showed that this among-regime difference was solely due to a significantly smaller b coefficient in IR-15% than in that of the other IRs tested, i.e., a proportionally smaller allocation to shoots in IR-15%.
Gas exchange and midday xylem water potential
During the growing season, Ψ xMID , A n , T, water use efficiency (WUE), intercellular CO 2 (C i ), intercellular/ambient CO 2 ratio (C i /C a ), and g sw were significantly influenced by IR and by SD. Strong interactions between IR × SD (Table 2) for all physiological variables indicate that the differences among the four IRs tested were not constant over time (Figs. 4 and 5) . With the exception of Ψ xMID and A n , the seasonal course of physiological responses of IR-45% was not significantly different from that of IR-60% but was significantly different from those of IR-30%. There was a strong difference in all physiological variables between IR-15% and both IR-30% and IR-45%. For several sampling dates, values of A n , T, g sw , and Ψ xMID were lowest in seedlings grown under IR-15% and highest in seedlings grown under IR-45% and IR-60% (Figs. 4a-4c and 5 ). The lower values of A n in seedlings subjected to IR-15% were also associated with lower g sw and C i /C a ratio, thus indicating that the water stress induced stomatal limitations to gas exchange. In midOctober, A n abruptly dropped to half the maximum A n rate observed over the growing season. The decline of A n in the autumn corresponded with the decrease in air and substrate temperature and in photoperiod.
Mineral nutrient and carbohydrate contents
Shoot and root nutrient contents per seedling were significantly influenced by IR and SD (Table 3) . For shoots, the IR × SD interaction was significant for all nutrients. For roots, this interaction was significant only for N and Ca contents, indicating a relative consistency of IR effects on P, K, and Mg contents. IR-30%, IR-45%, and IR-60% generally had higher nutrient contents in both shoots and roots for all nutrients than that observed for seedlings grown under the drier IR-15%, as shown by the orthogonal contrasts (Table 3). Similar results were observed for total nutrient content of shoot and root systems combined (Figs. 6a-6e ). For example, on the last sampling date, total N contents were 14.2, 21.3, 22.9, and 22.1 mg for IR-15%, IR-30%, IR-45%, and IR-60%, respectively (Fig. 6a) .
Seasonal dynamics of nutrient contents also varied among irrigation regimes. Contents in N, P, K, Ca, and Mg in seedlings grown in IR-15% dropped at the end of August (Fig. 6) . In contrast, the other IR treatments (IR-60%, IR-45%, and IR-30%) showed very similar seasonal patterns of nutrient contents, except for a decrease at the end of September in IR-30%.
Carbohydrate contents including soluble sugars (total glucose, total fructose, sucrose, raffinose), polyols (manitol, inositol), and organic acids (shikimic and quinic acids) were not affected by the irrigation regime at the end of the growing season (September 28 and October 13, 1998; data not shown).
Root architecture
Irrigation regimes significantly influenced root length (P < 0.0001), root surface (P < 0.0001), root diameter (P = 0.0125), and root volume (P < 0.0001) ( Table 4 ). Sampling date also had a significant effect (P < 0.0001) on all root architecture variables, but the IR × SD interaction was significant only for length (P = 0.0105) and root diameter (P < 0.0001). Comparisons of means using orthogonal contrasts showed that seedlings grown under IR-15% had root lengths Fig. 2 . Height, root collar diameter, shoot dry mass, root dry mass, and total dry mass of air-slit containerized white spruce seedlings over the growing season as affected by irrigation regime. Error bars are SEs (n = 72). and root areas that were significantly lower than those of the other IRs tested (Table 4, Figs. 7a and 7b) . Comparisons by date showed that these differences were evident from midAugust to late October. On the last sampling date, root surface area was 100, 131, 148, and 133 cm 2 , whereas length was 529, 723, 834, and 770 cm, for IR-15%, IR-30%, IR-45%, and IR-60%, respectively (Figs. 7a and 7b) . Our observations revealed that the proportion of white roots was greater under the three higher irrigation regimes (IR-30%, IR-45%, and IR-60%) than under IR-15%. In contrast, IR-15% promoted highly branched and brown root systems generally located at 0-8 cm depth in the cavity.
Nutrient leaching
Total leaching over the growing season of substrate solution varied as an exponential function of IR (Fig. 8) . The mean rates of leaching through the sampling period were 2.5, 7.5, 10.1, and 51.4% for IR-15%, IR-30%, IR-45%, and IR-60%, respectively. When substrate fertility was maintained constant at 250 ppm N among the four IRs during the growing season, excess of nutrient losses of N, P, K, Ca, and Mg were greater under IR-60% than under the other IRs (IR-15%, IR-30%, and IR-45%). Figure 9 presents an example of leaching losses following an irrigation in July during which all treatments happened to require an equal amount of the fertilizers to maintain Can. J. For. Res. Vol. 31, 2001 Source of variation Table 2 . Tests of fixed effects (P >F) on midday xylem water potential (Ψ xMID ), net photosynthesis (A n ), transpiration (T), water use efficiency (WUE), intercellular CO 2 (C i ), intercellular/ambient CO 2 ratio (C i /C a ), and stomatal conductance (g sw ). the target substrate fertility. The mean N losses in leaching solution were 0.7, 0.9, 1.7, and 11.3%, whereas those of P were 1.1, 2.0, 11.1, and 54.9%, for IR-15%, IR-30%, IR-45%, and IR-60%, respectively, despite the fact that all of the IRs received equal amounts of the fertilizers for only this sampling date (Fig. 9) . Although the peat-vermiculite substrate has a high capacity to retain cations, mineral nutrients such as K, Ca, and Mg were always present in leachate with concentrations that varied depending on the IR (Fig. 9) .
Discussion
During the first growing season under tunnel conditions, soil moisture monitoring using the TDR-based measurements permitted precise and consistent control of the four IRs, resulting in constant volumetric water content of the substrate (Fig. 1a) . Similar control of root-zone water content of containerized seedlings had been achieved in other studies with TDR-based measurements (Richardson et al. 1992; Lambany et al. 1996 Lambany et al. , 1997 Cameron et al. 1999; Lamhamedi et al. 2000a) . By comparison, the control of water content in the rhizosphere using tensiometers was inconsistent, especially when water content dropped below 20% (v/v), because the contact between the substrate and porous cup of the tensiometer is lost under dry conditions (Rundel and Jarrell 1991; Cameron et al. 1999; Hansen and Pasian 1999; Testezlaf et al. 1999) .
Although there were small differences in morphological and physiological variables among the three wettest irrigation regimes (IR-30%, IR-45%, and IR-60%), seedlings grown under these IRs all reached the targets for final seedling growth parameters. In contrast, seedlings grown under IR-15% had significantly lower morphological and physiological responses than seedlings grown under the other IRs (Figs. 2-7) . Since substrate fertility was kept constant across all fertilization regimes, all differences between IR-15% and the other regimes were due to differences in water availability.
Lack of clear growth advantage in IR-60% seedlings compared with IR-45% and IR-30% seedlings shows that the maintenance of such high substrate water content is unnecessary. In addition, the maintenance of an overly high substrate water content requires high irrigation volumes and large quantities of fertilizer, with substantial losses of both water and nutrients through leaching throughout the growing season. Proper controlling of irrigation and substrate fertility can significantly limit leaching (Fig. 9 ) and water use, while optimizing growth and nutrient use. This has economic as well as environmental advantages for growers. In the province of Quebec, current environmental regulations do not permit groundwater N levels to exceed 10 mg (NO 3 -N + NO 2 -N)·L -1 according to the Règlement sur l'eau potable (ministère de l'Environnement du Québec 1984). Similar regulations are found in the European Economic Community (Bacon 1995, p. 307 ) and the United States (Hamilton and Helsel 1995) .
The similarity in patterns of growth responses, nutrient uptake, and carbohydrate concentrations of white spruce seedlings in all but the driest irrigation regimes suggest that white spruce is not very sensitive to variations in substrate water content. The maintenance of higher A n in white spruce seedlings grown under IR-60% indicates that these young seedlings can probably maintain similar vigour above this rather high rhizosphere water content. Field studies have shown that with the exception of stagnant water saturated conditions white spruce seedlings can tolerate a wide range of soil moisture contents (Nienstaedt and Zasada 1990) . However, the lower slope of the allometric equation for seedlings grown under IR-15% (Fig. 3) indicates that the shoot-root balance can be controlled to some extent by the irrigation regime.
Differences in biomass partitioning between roots and shoots can be related to the differences in the rates of net photosynthesis (A n ) among the different irrigation regimes. Seedlings grown under IR-15% showed lower rates of A n than those grown under the other IRs (Fig. 4, Table 2 ). The A n rate is affected by water and nutrient availability, which in turn affects shoot and root growth, the latter having been shown to be at least partially dependent on current Table 4 . Analysis of variance (P >F) and comparisons between irrigation regimes for their effects on root architecture parameters.
photosynthates from the shoot in conifer seedlings (van den Driessche 1987; Kozlowski 1992; Pellicer et al. 2000) . These patterns are very similar to those reported by Kuhns and Gjerstad (1988) who showed that the decrease in 14 C translocation from shoots to roots in Pinus taeda L. seedlings was closely linked to the intensity of water stress. Our measurements of physiological and growth patterns of white spruce grown under tunnel conditions show that IR-15% should not be recommended to nursery growers during the active growing season.
In this experiment, substrate fertility was kept constant among the IRs. Therefore, the level of nutrient uptake was controlled by the availability of the substrate solution, which in turn was controlled through the irrigation regime. One indirect effect in IR-15% seedlings was the lowering of root growth elongation and the predominance of suberized roots. Suberized roots have a lower hydraulic conductance and a lower ability to absorb water than unsuberized roots in several woody species (Chung and Kramer 1975; Sands et al. 1982) . Our results are consistent with the results of other studies showing that IR significantly affects conifer seedling root growth and nutrient uptake (Timmer and Miller 1991; Haase and Rose 1994) , as well as nutrient leaching in ornamental and horticultural crops (Biernbaum 1992; Cresswell 1995; Tyler et al. 1996; Groves et al. 1998; Hansen and Petersen 1998) .
Reduced water availability in the rhizosphere can be achieved without affecting seedling quality of white spruce during the first growing season. Using peat-vermiculiteperlite as a growing medium, Khan et al. (1996) showed that Douglas-fir seedlings exhibited optimum growth, bud development, and nutrient and starch reserves when the growing medium was maintained at a moderate water content varying from 29 to 53%. From our results and previous studies (Lambany et al. 1996 (Lambany et al. , 1997 Lambany 1998; Gingras et al. 1999; Lamhamedi et al. 2000a; Stowe 2001 ), it appears that under tunnel conditions white spruce seedlings (1+0) can be produced by changing the water contents in the rhizosphere with respect to different growth phases (Fig. 10) as defined by Landis et al. (1999) . During the establishment phase, the water content of the rhizosphere should be maintained between 40 and 45% (v/v) to favour germination and early growth. This range of water content under nursery conditions successfully prevents moss and algae from developing. During the rapid growth phase, the water content can be decreased and maintained between 30 and 45% (v/v). The hardening phase must be induced when white spruce seedlings reach 80-90% of the target height (7-8 cm) accompanied by a reduction in photoperiod, air temperature, and fertilization. At the beginning of the hardening phase, the water content in the rhizosphere should be decreased to 18-25% (v/v) ; during the remainder of this phase it can be maintained between 25 and 35%. The objective of this decrease is to stop shoot growth and to initiate development of terminal bud and frost hardiness. White spruce seedlings respond favourably to slight moisture stress by reducing growth and entering dormancy (Macey and Arnott 1986) . Our observations revealed that bud formation was initiated and completed rapidly in seedlings grown under IR-15% compared with the other irrigation regimes. When bud formation is complete, the substrate water content should be increased to 60% (v/v), and seedlings can be moved out of the tunnel during the first week of November.
Irrigation management is now successfully carried out using TDR in several nurseries in the province of Quebec. This study has shown that the technique can be used to minimize leachate losses under the controlled environment of the tunnel. However, most production schedules for larger containerized seedlings extend for two growing seasons, with the seedlings being grown outdoors during the second growing season. Therefore, it will be necessary to examine, during the second growing season, the major container- 
